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1. Introduction
The MSSM:
⇒ Superpartners for Standard Model particles
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GUT based models:
1.) CMSSM: m0, m1/2, A0, tanβ, signµ
2.) NUHM1: CMSSM + 1 scalar mass parameter
m0, m1/2, A0, tanβ, signµ andMA
3.) NUHM2: CMSSM + 2 scalar mass parameters
m0, m1/2, A0, tanβ, µ andMA
4.) SU(5): CMSSM + 3 scalar mass parameters
m5, m10, m1/2, A0, tanβ, mHu, mHd
5.) mAMSB: different mechanism for SUSY breaking
m3/2,m0, tanβ, sign(µ)
6.) sub-GUT: CMSSM, but unification at lower scale
m0, m1/2, A0, tanβ, signµ andMin
7.) . . .
⇒ wide variety of models covered!
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Problem: We cannot be sure about the SUSY-breaking mechanism
⇒ it is possible that with the CMSSM, NUHM, SU(5), mAMSB, sub-GUT
we missed the “correct” mechanism
⇒ hint: strong connection between colored and uncolored sector
tension between low-energy EW effects and (colored) LHC searches
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Problem: We cannot be sure about the SUSY-breaking mechanism
⇒ it is possible that with the CMSSM, NUHM, SU(5), mAMSB, sub-GUT
we missed the “correct” mechanism
⇒ hint: strong connection between colored and uncolored sector
tension between low-energy EW effects and (colored) LHC searches
Solution: investigate also the “general MSSM”
⇒ 11 parameters are manageable ⇒ pMSSM11
− squark mass parameters: mq˜1,2 =: mq˜, mq˜3
− slepton mass parameter(s): ml˜, mτ˜
− gaugino masses: M1, M2, M3
− trilinear coupling: A
− Higgs sector parameters: MA, tanβ
− Higgs mixing paramter: µ
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Enlarged Higgs sector: Two Higgs doublets
H1 =

 H11
H21

 =

 v1+ (φ1+ iχ1)/√2
φ−1


H2 =

 H12
H22

 =

 φ+2
v2+ (φ2+ iχ2)/
√
2


V = m21H1H¯1+m
2
2H2H¯2 −m212(ǫabHa1Hb2+h.c.)
+
g′2+ g2
8︸ ︷︷ ︸ (H1H¯1 −H2H¯2)2+
g2
2︸︷︷︸ |H1H¯2|2
gauge couplings, in contrast to SM
physical states: h0, H0, A0, H±
Goldstone bosons: G0, G±
Input parameters: (to be determined experimentally)
tanβ =
v2
v1
, M2A = −m212(tanβ + cotβ )
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MSSM Higgs mass calculations
Propagator/Mass matrix at tree-level:
 q2 −m2H 0
0 q2 −m2h


Propagator / mass matrix with higher-order corrections
(→ Feynman-diagrammatic approach):
M2hH(q
2) =


q2 −m2H + ΣˆHH(q2) ΣˆHh(q2)
ΣˆhH(q
2) q2 −m2h + Σˆhh(q2)


Σˆij(q
2) (i, j = h,H) : renormalized Higgs self-energies
CP-even fields can mix
⇒ complex roots of det(M2hH(q2)): M2hi(i = 1,2): M
2 =M2 − iMΓ
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Calculation of renormalized Higgs boson self-energies:
Σˆ(q2) = Σˆ(1)(q2) + Σˆ(2)(q2) + . . . + log resum
Main contribution: t/t˜ sector (t˜: scalar top, SUSY partner of the t)
Very leading 1-Loop:
t¯
t
h h
¯˜t
t˜
h h
t˜
h h
Structure of higher-order corrections at one-loop:
∆M2h ∼ m2t αt
[
L+ L0
]
, L := log
(
mt˜
mt
)
Large mt˜ ⇒ large L ⇒ resummation of logs necessary
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Codes on the market:
1.) Fixed order codes: good for all scales low
− SuSpect
− SPheno/SARAH
− SoftSUSY/FlexibleSUSY
− H3m
2.) EFT codes (pure log resum): good for all scales high
− SusyHD
− MhEFT
− HSSUSY
3.) Hybrid codes: good always?!
− FeynHiggs
− FlexibleEFTHiggs
− SPheno/SARAH
Obviously: quality depends on the details implemented
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Codes on the market:
1.) Fixed order codes: good for all scales low
− SuSpect
− SPheno/SARAH
− SoftSUSY/FlexibleSUSY
− H3m
2.) EFT codes (pure log resum): good for all scales high
− SusyHD
− MhEFT
− HSSUSY
3.) Hybrid codes: good always?!
− FeynHiggs ⇐ our code / best code :-)
− FlexibleEFTHiggs
− SPheno/SARAH
Obviously: quality depends on the details implemented
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Why is This interesting For us?
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Why is This interesting For us?
− MSSM predicts Mh
− MSSM predicts Dark Matter density
− MSSM predicts Dark Matter DD cross sections
⇒ realistic SUSY realizations should give Ωχh2 and Mh correctly!
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Why is This interesting For us?
− MSSM predicts Mh
− MSSM predicts Dark Matter density
− MSSM predicts Dark Matter DD cross sections
⇒ realistic SUSY realizations should give Ωχh2 and Mh correctly!
Improved Mh calculations:
− Shift in allowed MSSM parameter space
− Different DM predictions in this allowed parameter space
Q: Is SUSY better or worse compatible with new calculations?
Sven Heinemeyer – 16th MulitDark WS, Huelva, 25.09.2019 9
2. Improved predictions for MSSM scenarios
Are these improved calculations relevant?
Are they relevant in any “realistic” scenario?
Analysis in: − CMSSM with stop co-annihiliation
− sub-GUT models
− minimal Anomaly Mediation SUSY-breaking
− pMSSM11
Comparison of hybrid codes:
FeynHiggs 2.10.0 − log-resummation with MS
− 2L RGEs, 1L thresholds
− mMSt at NLO
FeynHiggs 2.14.1 − log-resummation with MS
− Inclusion of EWino mass scale in RGE’s
− Inclusion of gluino mass scale in RGE’s
− 3L RGEs, 2L thresholds
− mMSt at NNLO
− Inclusion of EW effects in RGE’s and mMSt
Sven Heinemeyer – 16th MulitDark WS, Huelva, 25.09.2019 10
2. A) Stop-coannihilation in the CMSSM:
⇒ clear impact of improved Mh calculation
⇒ O
(
α2t
)
non-degenerate threshold corr. crucial!
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2. A) Stop-coannihilation in the CMSSM:
⇒ clear impact of improved Mh calculation
⇒ refined allowed regions with new Mh
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2. B) Sub-GUT models:
⇒ clear impact of improved Mh calculation
⇒ enlarged allowed regions, better compatibility!
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2. C) mAMSB:
⇒ clear impact of improved Mh calculation
⇒ new allowed/disallowed regions!
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2. D) pMSSM11:
⇒ clear impact of improved Mh calculation
⇒ enlarged DM favored regions, better compatibility!
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3. Conclusinos
• High precision predictions in BSM models for Higgs physics are needed!
→ to match experimental accuracy at the LHC and ILC/CLIC
• FeynHiggs provides these predictions for the MSSM (and beyond)
(⇒ code adopted by the LHCHXSWG)
⇒ first and most developed “hybrid code” – necessary for high precision
• CMSSM stop co-annihilation:
O
(
α2t
)
non-degenerte threshold corrections crucial
⇒ refined allowed regions
• Sub-GUT models: enlarged allowed regions, better compatibility!
• mAMSB: new allowed/disallowed regions!
• pMSSM11: enlarged allowed regions, better compatibility!
• Overall better compatibility with improved Mh calculation!
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Workshop Announcement: Dark Matter 2020 (IFCA, Santander)
22 - 26 June 2020
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Possible & necessary refinements of the EFT calculation:
• Inclusion of EWino mass scale in RGE’s
• Inclusion of gluino mass scale in RGE’s
• Inclusion of EW effects in RGE’s
• Inclusion of 3-loop RGEs plus 2-loop thresholds etc.
• “Two Higgs Doublet Model” below MS
• Splitting in the scalar top sector
• . . .
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Possible & necessary refinements of the EFT calculation:
• Inclusion of EWino mass scale in RGE’s
⇒ included into FeynHiggs
• Inclusion of gluino mass scale in RGE’s
⇒ included into FeynHiggs
• Inclusion of EW effects in RGE’s
⇒ included into FeynHiggs
• Inclusion of 3-loop RGEs plus 2-loop thresholds etc.
⇒ included into FeynHiggs
• “Two Higgs Doublet Model” below MS
⇒ private version of FeynHiggs exists, other code: MhEFT
• Splitting in the scalar top sector
⇒ future work
• . . .
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Impact of precise Mh calculation (I):
Impact of non-degenerate O
(
α2t
)
threshold corr. in EFT part:
One scale MSUSY, but large stop sector splitting, tanβ = 10:
⇒ important for large Xt (more in a moment)
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Impact of precise Mh calculation (II):
Impact of pole mass determination improvements:
(ask me details over coffee!)
One scale MSUSY, tanβ = 10:
⇒ calculation stabelized!
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